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The need for 2D vertical graphene nanosheets (VGNs) is driven by its great potential in diverse 
energy, electronics, and sensor applications, wherein many cases a low-temperature synthesis 
is preferred due to requirements of the manufacturing process. Unfortunately, most of today’s 
known methods, including plasma, require either relatively high temperatures or high plasma 
powers. Herein, we report on a controllable synthesis of VGNs at a pushed down low-
temperature boundary for synthesis, the low temperatures (450 oC) and low plasma powers 
(30 W) using capacitively coupled plasma (CCP) driven by radio-frequency power at 
13.56 MHz. The strategies implemented also include unrevealing the role of Nickel (Ni) 
catalyst thin film on the substrates (Si/Al). It was found that the Ni catalyst on Si/Al initiates 
the nucleation/growth of VGNs at 450 °C in comparison to the substrates without Ni catalyst. 
With increasing temperature, the graphene nanosheets become bigger in size, well-structured 
and well separated. The role of Ni catalysts is hence to boost the growth rate, density, and 
quality of the growing VGNs. Furthermore, this CCP method can be used to synthesize VGNs 
at the lowest temperatures possible so far on a variety of substrates and provide new 
opportunities in the practical application of VGNs. 
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Vertical graphene nanosheets (VGNs), also referred to as vertically-oriented graphene 
nanosheets (VOGN) or carbon nanowalls (CNWs) are two-dimensional graphitic platelets 
which are typically oriented vertically on a substrate [1]. Rising interest in the synthesis and 
application of VGNs emanates from their unique characteristics such as non-stacking 
morphology, high-aspect-ratio, sharp edges, and high-density reticular arrangement, etc. [2–4]. 
Besides this, excellent electrical and mechanical properties of VGNs and their derivatives 
enabling their applicability in enormous fields, including supercapacitor, battery electrodes, 
power sources, field emitters, flexible electronics, gas sensors, and catalyst supporters [5–10]. 
An individual VGN typically consist of few stacked graphene layers having a thickness of 
several few nanometres with lateral and vertical dimensions of hundreds of nanometres to tens 
of micrometres. With few exceptions where chemical vapour deposition (CVD), and sputtering 
techniques for the synthesis of VGNs are used, plasma-enhanced chemical vapour deposition 
(PECVD) methods are considered as the emerging techniques for building VGNs. Compared 
to other techniques, PECVD techniques offer a low-temperature synthesis of VGNs with 
controlled growth and morphology at a large scale. The structure and morphology of VGNs 
can be influenced by plasma sources and parameters such as substrate temperature, feedback 
gas type and composition, operating pressure and plasma power used for the synthesis 
process [11,12]. 
In a PECVD system during the growth of VGNs, the precursor gas (generally hydrocarbons) 
undergo inelastic collisions with the electrons in the plasma to form different plasma species. 
It has been already reported that the VGNs can grow on the substrate without the presence of 
catalyst particles, which indicates that the precursor dissociation by plasma and interaction of 
plasma species to the substrate surface plays a key role for the growth of VGNs. Thus, several 
studies have been carried out for successfully synthesising VGNs using various plasma sources 
such as radiofrequency inductively coupled plasma (RFICP) [13], microwave plasma [14], DC 
plasma [15], RF capacitively coupled plasma (RFCCP) assisted by radical injection [16], 
helicon plasma, and electron beam excited plasma (EBEP). Generally, a higher concentration 
of hydrogen atoms and carbon dimers (C2 radicals) are needed for the growth of VGNs [17]. 
Carbon dimers produced by the radical recombination and subsequent dissociation of CHx 
(x=1,2,3) radicals are playing a vital role in the nucleation of VGNs and hydrogen acts as the 
etching agent for the removal of amorphous carbon(a-C). It has been reported that microwave 
(MW) and ICP systems employed with CH4/H2 or CH4/H2/Ar mixture have higher C2 radical 





































































density for the direct nucleation for the VGN growth. On the other hand, a CCP plasma 
effectively generates CH3 radicals from the carbon precursor, but because of the deficiency of 
H atoms, CCP plasma by itself is not suitable for the growth of VGNs [18,19]. Thus, radical 
injection of H atoms and coupling of CCP with other plasma sources are used to provide 
sufficient H atoms for the growth of VGNs. 
In addition to the plasma source, the most direct and controllable parameters in the PECVD 
process that can influence the growth and morphology of VGNs are plasma power and substrate 
temperature [19,20]. Several groups successfully synthesised VGNs by employing MW plasma 
with power in the range of 350W-16 kW at a substrate temperature between 350-700°C [2,21]. 
ICP plasmas with a power range from 400 W to 1000 W at substrate temperatures of 350-
1100 °C have also been used for synthesising VGNs [21,22], as well as DC plasma and EBEP 
plasma sources by employing higher input power and temperature [23,24]. Most of all the 
reported VGN growth by CCP was assisted either by an external hydrogen source or by other 
plasma sources at different power (250-700 W) and temperature (500-700°C) [25–27]. The 
lowest temperature that has been used for the growth of VGNs so far is ~350°C using an 
ICPECVD system, where an external bias was added for the VGN growth [22]. In all other 
cases, the VGN growth was observed at a temperature above 500 °C by employing higher 
plasma power. Also, it has been demonstrated that higher temperatures and higher plasma 
power can corrugate the morphology of VGNs [28]. Therefore, the synthesis of VGNs at lower 
temperatures and lower power without using any additional plasma source or bias is still 
considered as the main challenge in the research of oriented graphene structures. 
Even though VGNs can grow on the substrate without any addition of a catalyst, several 
researchers have taken the effort to investigate the effect of catalysts (e.g., Ni) on the growth 
of VGNs [29–31]. It has been reported that the low-temperature plasma assisted treatment 
improve the catalyst substrate interaction, reduce the catalyst particles mobility and thus 
influence the growth of such 2D and 3D materials [32]. Also, during the annealing of the 
substrate, the application of plasma-pre-treatment readily transform the catalyst layer and 
reduces the size of the catalyst nanoparticles, which drastically improves the homogeneity [32]. 
Thus, the hydrogen plasma treatment is almost considered as a standard pre-treatment, and 
several morphologies have been documented by this method [33]. On the other hand, an argon 
plasma, which is more effective than hydrogen plasma for the cleaning or etching, is very rarely 
used for the pre-treatments. Therefore, revealing the effect of Ar plasma pre-treatment on the 
substrate surface for the growth of VGNs can be beneficial for future applications. 






































































Herein we are reporting a successful application of a radio frequency capacitively coupled 
plasma-enhanced chemical vapour deposition (RFCCPECVD) system at lower power and 
lower temperature for the synthesis of VGNs without using any additional plasma source. 
VGNS were synthesised in a cold wall CCPECVD reactor using a very low power of 30 W at 
a substrate temperature of 450 °C to 620 °C. The influence of Ni thin film on the growth rate 
and structure quality of VGNs was also investigated. We have investigated the effect of 
substrate temperature on the structural quality of VGNs using Raman spectroscopy and 
chemical composition analysis. NEXAFS spectroscopy was used to obtain chemical, structural 
and orientation information of the nanoscale samples. To our knowledge, a successful 
application of capacitively coupled plasma to synthesis VGNs using low power and 
temperature has not been reported so far. 
2. Experimental Section 
2.1.Synthesis of VGNs 
The VGNs were synthesized using a cold-wall CVD by radio frequency capacitively coupled 
plasma (RFCCP) operated at 13.56 MHz RF power. The detailed scheme of experimental setup 
has been presented in our previous studies [33–37]. Silicon wafers covered with 200 nm thick 
aluminium (Al) are used as the substrate for synthesizing VGNs. A 10 nm thin Ni film was 
deposited by a precision etching coating system (PECS) onto the Si/Al to investigate the effect 
of catalytic materials on the growth of VGNs[31]. These values were chosen after several trial 
and error experiments and showed the best results.  The substrate was transferred into the 
PECVD reactor, and the base pressure inside the reactor was kept below 4∙10-4 Pa. Substrates 
were pre-treated at different annealing temperatures (450 °C to 620 °C) with CCP plasma. 
Argon gas (10 sccm) was inserted to the chamber at a pressure of ~29 pa for the pre-treatment 
with a ramp time of (960 s to 1200 s) and held the conditions for 1800 s. Subsequently, a 
mixture of hydrogen (H2) and ethylene (C2H4) with a flowrate of 40:20 sccm were introduced 
to the reactor at the pressure of ~100 pa and the growth of VGNs was performed for 900 s. For 
simplicity, the growth scheme of VGNs presented here is very similar to the growth of CNTs 
performed in previous studies [31,36]. 
 
2.2.Characterization techniques 
Scanning electron microscopy (SEM) by a Zeiss-Supra device was used to examine the 
morphology of VGNs. Raman spectra were recorded to study the structural organization of the 
synthesised VGNs using a Renishaw InVia Reflex Spectrometer at an excitation wavelength 







































































of 514.5 nm. The spectra were collected under a Leica DM2500 optical microscope (50 
objectives/N.A.= 0.75) and a grating of 1800 l/mm. The laser power in the sample was kept at 
around 0.5 mW to avoid any heating damage. The samples were analysed at three different 
spots. The elemental composition and orientation-dependent chemical properties of VGNs 
were analyzed by X-ray photoelectron spectroscopy (XPS) and Near Edge X-ray-absorption 
fine structure (NEXAFS) spectroscopy using the HE-SGM beam line with the PREVAC end 
station at the BESSY II electron storage ring in Berlin, Germany. The elemental depth 
information during the analysis was about 2 nm by measuring the high-resolution 
photoelectron lines of the different elements at the same constant kinetic energy [38]. 
3. Results and discussion 
The SEM micrographs displayed in Figure 1 indicate a vertically standing morphology and 
uniform growth of VGNs on Si/Al and Si/Al/Ni substrates at different temperatures ranging 
from 450 to 620 °C. Even though the general morphology of VGNs is similar, the density, 
interlayer spacing, and thickness of VGNs are varying along with the temperature. A 
comparison between the growth of VGNs with and without the presence of a Ni catalyst 
suggests that the morphology of VGNs is different even for the same growth temperature. This 
could be related to differences in the nucleation steps evolving in the initial stages [31], where 
the nucleation of nanoislands during the growth of VGNs with Ni catalyst is faster than without 
Ni. 
 
Figure 1. SEM images of VGNs obtained at 620 °C (a, b), 550 °C (c, d), 480 °C (e, f), 450 °C (g, h). 
scale bar is 200 nm for all figures. 







































































At lower temperatures, nucleation and initial growth of densely packed nanosheets are 
occurring due to the longer surface residence time for the different plasma species; however, 
the possible migration of plasma species on the substrate surface at low temperature is lower 
than that at higher temperature and results in smaller lateral and vertical dimensions of VGNs 
at lower temperature. The lateral dimension of the individual nanosheets is increasing with the 
temperature and highly interconnected nanosheets are observed at higher temperatures. 
Considering the fact that the density and interlayer spacing of the VGNs is varying with the 
growth temperature, the changes in the vertical dimension of the VGNs are also investigated. 
Figure 2 (a-d) exhibits the cross-sectional images of the VGNs grown at different temperatures. 
The height of VGNs on Si/Al increases from 130 nm to 270 nm for temperatures 480 °C to 620 
°C, respectively. The addition of Ni catalyst enhances the growth of VGNs as the height reaches 
150 nm to 500 nm for temperatures 480 °C to 620 °C, as displayed in figure 2 (e). The growth 
of VGNs observed on the Si/Al and Si/Al/Ni substrates at the lower temperature (480 °C) is 
having an almost similar growth rate of 520-600 nm/h. Hence with the increase in temperature 
to 620 °C, the growth rate of VGNs on Si/Al/Ni substrates (~2 µm/h) is two-times higher than 
on Si/Al (~1 µm/h). Since the plasma power is very low and maintained constant during the 
experiments, the effect of plasma heating of the substrate can be neglected. Thus, the changes 
in growth rate can be explained as a combined effect of growth temperature and catalyst 
particle. At lower growth temperature, the plasma species has high surface residence time with 
low mobility of the surface atoms. On the other hand, at higher temperatures, the migration of 
plasma generated species on the substrate surface is higher and favours the formation of 
interconnected stable nanostructures by surface chemical reactions. This results in the 
formation of well-aligned highly interconnected VGNs at higher temperatures. The presence 
of the Ni catalyst is enhancing the surface diffusion of the hydrocarbon species on the surface 
for the initial growth of graphene layers and promotes a higher growth rate on the Si/Al/Ni 
substrates. In order to gain a better understanding of the influence of temperature and Ni 
catalyst on the structural organization and chemical composition of the VGNs, the samples 
were further analysed with different surface analytical techniques. 
 








































































Figure 2. SEM images of VGNs height comparison on Si/Al {(a) at 480 °C, (b) at 620 °C}, on 
Si/Al/Ni {(c) at 480 °C, (d) at 620 °C}, (e) variation of VGNs height with respect to growth 
temperature. 
The inner structural arrangement of the VGNs synthesised on different substrates at different 
temperatures was analysed by Raman spectroscopy. Figure 3 (a and b) displays normalised 
Raman spectra of VGNs grown on substrates with and without Ni thin films at different 
temperatures. The spectra are composed of several bands; most importantly, the D band located 
at ∼1350 cm-1 attributed to the A1g breathing mode of six-atom rings at the 1st Brillouin zone 
boundary K or K'. Due to the conservation of momentum, it becomes active only in the 
presence of defects. The G band at ∼1581 cm-1 corresponds to the one-phonon Raman 
scattering process at the 1st Brillouin zone centre and consists of the collective in-plane bond 
stretching of carbon atoms (E2g symmetry) [39,40]. The D' band at 1622 cm
-1 is also a defect-
induced phonon mode near the 1st Brillouin zone centre. The G'(2D) band at ∼2700 cm-1 and 
the G" (2D') band at ∼3240 cm-1 are respectively the second orders of the D and D' bands 
originating from the scattering by two phonons with opposite wave vectors, and therefore they 
are always active by symmetry [41]. The D+D' band observed at ∼2940 cm-1 corresponds to 
the combination of phonons and also requires defects for its activation [42]. 
As the growth temperature is increasing, the recorded Raman spectra undergo several changes, 
which indicates the structural modification of the resulting VGNs. Figure 3 (c) and (d) display 
the evolution of the full width at half maximum FWHM of D and G'(2D) as a function of the 
growth temperature. Both parameters, which are the fundamental characteristics of the local 
structural order, are decreasing with a temperature towards minimum values suggesting the 
increased structural ordering of VGNs with increased growth temperature. Figure 3 (e) exhibits 
the changes in the I2D/IG ratio, which continuously increases with an increase in temperature. It 







































































is the characteristic behaviour for an increase in the concentration of polyaromatic carbons. 
Moreover, the G and D' bands are merged and seen as a single band located at ~1600 cm-1 for 
the VGNs grown at 450 °C and 480 °C, which is due to the lower structural order. 
 
 
Figure 3. Raman spectra of VGNs grown at different temperatures (a) with Ni thin film (b) 
without Ni thin film, (c, d) Full widths at half maximum FWHM(D) and FWHM(2D) for 
different growth temperatures (e, f) Raman intensities comparison for different growth 
temperatures. 







































































For higher growth temperatures (550 °C and 620 °C), the G band position undergoes a 
downshift towards lower wavenumbers leading to a clear distinction of D' band. All these 
variations are in good agreement with the literature regarding the characterization of sp2 
carbon-based materials with an increasing degree of ordering [19,43,44]. Figure 3(f) represents 
the variation of the ID/IG with the growth temperature, which varies with the type and 
concentration of the introduced defects [42,45,46] and exhibits opposite behaviour compared 
to what is usually seen in the literature [47]. In this specific range of structural ordering, this 
parameter is expected to continually decrease with the increase in growth temperature. 
Generally, defect density characterized by different geometries is quantified by Raman 
scattering via the number of active areas around borders or point-like defects with respect to 
the total area of the laser spot. Therefore, the variation of ID/IG provides a measure of the 
crystallite size La or a determination of the average distance between point-like defects LD. In 
the present work, there is a fundamental difference in the orientation (vertical growth) of the 
analysed graphene nanosheets. This configuration results in the exposure of the laser spot to a 
large number of graphene edges vertically aligned that satisfy the momentum conservation 
leading to the full activation of the D band. Therefore, since the D band is the breathing mode 
of polyaromatic carbon, increasing the ordering of graphene nanosheets with the growth 
temperature leads to an increase of its intensity similar to what could be observed for its second-
order band G'(2D) active by symmetry. Its asymptotic behaviour (or possible decrease) can be 
explained by the increase of the spacing between the walls in the area illuminated by the laser 
spot. One must, therefore, be careful about interpreting the Raman spectra based only on the 
ID/IG ratio. This also means that all the relationships found in literature allowing the 
determination of in-plane crystallite size (La or Ld) based on the ID/IG, should definitely not be 
used in the case of vertically aligned graphene nanosheets [48–50]. The SEM images and 
Raman analysis confirm that VGNs start to grow at the lowest temperature of 450 °C and show 
a relatively well-organized structure at 550 °C when Ni catalyst has been used whereas without 
catalyst the growth starts at a temperature of about 480 °C and a well-organized structure is 
obtained at 620 °C. 
Chemical compositions of the grown VGNs at different temperatures were investigated with 
XPS. Figure 4(a) shows XPS survey scans of the samples. The analysis suggests the existence 
of only two elements in VGNs, namely carbon and oxygen. Samples show different O 1s to C 
1s ratios for VGNs grown without Ni catalyst and with Ni catalyst. In both cases, the 
appearance of O 1s lines is probably due to chemical reactions of structural defects and 
dangling bonds upon exposure to the ambient. The analysis also indicates the reduction of 






































































oxygen functional groups and an increase in carbon content with an increase in the growth 
temperature as represented in figure 4(b), possibly due to an increase of the crystallinity of the 
VGNs structure. Figure 4(c) shows the high resolution of deconvoluted C 1s spectra of VGNs 
grown with Ni catalyst at 550 °C. For the deconvolution of the C 1s line, the position at 284.5 
eV was taken as a reference, which is assigned to regular graphitic carbon atoms [51,52]. 
 
 
Figure 4. (a) Survey scan comparison of VGNs grown under different conditions (Excitation 
energy 700 eV), (b) plot of oxygen content in the near-surface region, (c) C 1s deconvoluted 
spectra of VGNs grown at 550 °C on Si/Al/Ni (excitation energy 385 eV). 
Table 1. Percentage area of the different carbon species obtained from fits of XPS C 1s spectra. 
 






Si/Al/ VGNs 450 70.5 21.9 7.6 
 550 80.1 13.3 6.6 
Si/Al/Ni/ VGNs 450 71.4 19.4 9.2 
 550 78.9 13.6 7.5 







































































C 1s of all the samples were deconvoluted into three peaks, as summarized in table 1. The main 
peak at 284.5 ± 0.2 eV corresponds to sp2-hybridized graphite-like carbon atoms (C=C), the 
peak centered at 285.20 ± 0.2 eV is an indication of sp3-hybridized carbon atoms (C–C) 
considered to originate from edges, bending, (a-C) absorbed on the graphene surface and the 
peak at 286.2 ± 0.2 eV is due to OH functional groups attached to carbon atoms (C-
OH) [53,54]. It was observed with an increase in growth temperature of VGNs, sp2 content 
increases, and sp3 decreased. These findings also support the interpretation of the results in the 
Raman analysis that the increase in the D band intensity is due to the boundary edges of 
graphene sheets and not from defects. 
To investigate the growth of VGNs at very low temperatures, the experiment conducted at 410 
oC. There is no growth of VGNs observed at these experimental conditions. However, carbon 
nanoparticles with graphitic characteristics are deposited on the substrate, as observed by the 
SEM and Raman analysis (figure 5 (a) and (b)). XPS analysis presented in figure 5 (c, d) 
indicates the significant presence of the nickel and substrate material along with the deposited 
carbon nanomaterial. 
Figure 5. Carbon nanostructures grown at 410 °C on Si/Al/Ni, (a) SEM image, (b) Raman 
Spectra, (c) XPS survey scan, (d) C 1s deconvoluted spectra. 
(a)
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Figure 6. NEXAFS spectra of VGNs grown at 450 °C {(a) with and (b) without nickel as a 
catalyst}, at 550 °C {(c) With and (d) without nickel as a catalyst}. Angular dependence. All 
the spectra were normalized to an absorption edge jump setting the post-edge intensity at 325 
eV to 1. 
Near Edge X-ray Absorption Fine Structure spectroscopy (NEXAFS) is used to lighten up more 
detailed chemical, structural, and orientation information about VGNs. The spectra were 
obtained at the C K-edge, in a partial energy electron yield (PEY) mode, with only -20 V of 
retarding potential. Raw spectra were divided by the absorption spectra of a clean, freshly 
sputtered gold sample to correct for the photon flux [55]. The energy calibration was obtained 
by using an I0 feature referenced to a C 1s →π* resonance at 284.9 eV from a fresh surface of 
graphite foil standard sample [56]. Spectra are shown after normalization of the edge-step to 
one. The spectra were collected at different angles (30-90°) of the incident linearly polarized 
synchrotron-light beam relative to the surface plane of the sample. 






































































The C K edge NEXAFS spectra of the four samples (VGNs grown at two different temperatures 
450 °C and 550 °C) are quite similar to each other and represented in Figure 6 (a-d). Figures (6) 
show three main absorption features for all the samples, a sharp resonance at about 285.2 eV 
and a double-structure resonance at around 292 eV. The feature at 285.2 eV is commonly 
assigned to C 1s to π* transition of sp2 carbons in a carbon-ring structure, and the features at 
291.7 and 292.7 eV can be assigned to double resonances that come from excitonic and band-
like contributions of graphitic carbon species, respectively [57–59]. Furthermore, when Ni is 
added as a catalyst, a small feature at around 288.5 eV becomes more prominent (figure 6 (a)). 
This change can be attributed to defect states resulting from oxygenated groups and/or surface 
contaminations on VGNs, e.g., π*C=O, σ* C-H and –(HO-π*C=O) transitions [53,55,60–62] 
which is also confirmed by XPS analysis (see Table 1). 
For all four samples, there is a clear angular dependence of the C1s → π * transition at around 
285.2 eV. The differences are strongly correlated with the orientation of the transition dipole 
moments into the π * orbitals relative to the surface and therefore support the synthesis of 
VGNs consisting of graphene sheets that grow preferentially perpendicular to the substrate. In 
this case, by looking to the spectra presented in figure (6), the π* orbitals deriving from pz 
orbitals are preferentially oriented parallel to the substrate, and thus the σ* orbitals (in-plane 
graphene bonds) are oriented perpendicular to the substrate. Therefore, as the angle between 
the incident beam and surface increases, the C1s → π* resonance at 285.2 eV increases, which 
validates the SEM images of the respective samples, i.e., preferentially vertically oriented 
graphene nanosheets have been successfully synthesized. 
Thus, comprehensive studies on all the aforementioned results suggesting that VGNs growth 
is initiated at the lowest temperature of 450 °C and show a perfect structure with an increase 
in temperature. The presence of Ni catalyst enhances the growth rate and improves the 
interconnected feature of graphene nanosheets to perfectly orient on the substrate surface. 
 
4. Conclusions 
Vertical graphene nanosheets were deposited by radio frequency capacitively coupled plasma. 
SEM, Raman, XPS, and NEXAFS results affirm the growth of VGNs at the lowest substrate 
temperature of 450 °C. The use of Ni catalyst on the substrate significantly reduced the 
nucleation temperature and raised the quality and growth rate of VGNs in comparison to the 
substrates without Ni. Moreover, the increase in ID/IG ratios and D band intensities indicated 
the improvement in the structural order of graphene nanosheets with increase in synthesis 







































































temperature. Furthermore, the sp2 to the sp3 ratio increased with an increase in the synthesis 
temperature. These results are further supported by NEXAFS analysis which demonstrated that 
Ni catalyst facilitates the growth of 2D VGNs at lower temperatures, which opens new horizons 
for the direct growth of vertical graphene on different substrates at low temperatures with 
application-oriented properties.  
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